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wideband systems in the range of 8 to 10 MHz are significantly
better able to combat multipath compared to narrowband systems
with 1 to 2 MHz. This capability benefits both data detection and
location accuracy. Moreover, wideband systems provide a number
of location fixes per second which increases as the square of the
bandwidth, for the same power.

Dr. Georghiades also notes that:

The central question is not whether AVM systems can be
built at smaller bandwidths. Rather, in the severe multipath
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environments in which AVM systems will operate, can systems
capable of providing sufficiently accurate location and adequate
capacity for intelligent vehicle highway systems (IVHS) be built if
bandwidth is not increased . . .. AVM systems are expected to
greatly facilitate implementation of IVHS by providing both
messaging and location monitoring capabilities to large numbers of
vehicles at a time. To do so, they require large bandwidths.
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ABSTRACT

Much discussion has recently focused on the effects of signaling bandwidth on the

operation of Automatic Vehicle Monitoring (AVM) systems. These AVM systems are

authorized to operate in the 902-928 MHz ISM band, which is also currently used by

the unlicensed Part 15 devices. The band presents significant challenges to the system

designer in tha.t it is characterized by interference and multipath, which together pre

clud~ a neat mathematical analysis. mthis study, we focus on the role of bandwidth in

mitigating multipa.th, which is oue of the major impairments in the operation of AVM

systems. As demonstrated herein, wideband systems in the range of 8 to 10 MHz are

significantly better able to combat multipath compared to narrowband systems with 1

to 2 MHz bandwidth. This capability benefits both data detection and location accu

racy. Moreover, wideband systems provide & number of location fixes per second which

increases as the square of the bandwidth, for the same power.
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1. INTRODUCTION

The current regulatory proceeding concerning the continued operation of automatic ve

hicle moDitoring (AVM) systems in the 902-928 MHz band has raised l50me interesting

questions on how much bandwidth is needed for such a.pplications to operate satisfac

torily. AVM systems operate in urban environments characterized by severe multipath

&Ild interference from unlicensed Part 15 devices in the 902-928 MHz band, and can

provide both data. communication between vehicles and base stations, and location infor

mation in real-time to meet various fleet management a.nd other vehicle location needs.

Among other a.pplications, AVM systems are expected to pla.y an important role in the

implementation of intelligent vehicle highway systems (IVHS), by potentially providing

real-time traffic information, route guidance, and other information to fleet ma.uagers,

public traffic monitors, public safety offices, and individual drivers. Demand for such

services is expected to increase significantly in time, requiring the service provider to be

able to handle large numbers of vehicles at a time.

The combination of mobile communication and interference in an urban environment

results in a. father hostile channel that is broadly characterized by multipath and inter

ference. In Section II we study the role of ba.ndwidth in mitigating multipath, and in

Section III its effects on the location accuracy and number of location fixes per second

for AVM systems. Section IV concludes.

II. THE EFFECT OF BANDWIDTH ON DATA DETECTION IN MULTIPATH FADING

Multipath and multipath-jnduced fading are major sources of performance degradation

in mobile data communication systems, and is a result of transmitted signals arriving at

the receiving antenna with different amplitudes a.nd dela.ys (and thus phases), ha.ving tra

versed different ~hS.l In order to determine how much bandwidth the system requires,

one must specify the smallest delay that a system will be asked to resolve. Experimental

data obtained in various urban settings in [2] indicate that significant multipath power is

passible over a delay range from a few tens of nanoseconds to a few microseconds. Other

results by Schilling in [3] indicate that large amplitude components exist with relative

delays less than 100 ns, which means that a wideband system should have a bandwidth

in excess of 10 MHz in this case.

lAD e.xcdlent diICuseion OD multipath caD be {ound, for example, in Chapter 7 of Proakw'. book [lJ.
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In the absence of a direct path between transmitter and receiver, the amplitude

and phase of the received signal in each path are often modeled having Rayleigh and

uniform distributions, respectively, which results in a signal with independent, zero-mean

Gaussian processes for the in-phase and quadrature components. The spectral-density

of the received Gaussian process, which characterizes the memory and bandwidth of the

received signal, is a. function of the Doppler frequency shift, which in turn is a function

of the relative velocity between transmitter and receiver. Typical Doppler frequency

shifts, depending on vehicle speed, are in the range of 10-100 Hz, resulting in a relatively

slowly varying process (compared to the signaling rate) that can he tracked in time.

For a description of multipath, one must determine how many significant (Le. having

apprecia.ble energy) delayed versions of the transmitted signal are received, and 'What their

ddaY8 are. Both the number of significant multipath components and their corresponding

delays Are random variables whose realizations depend on the spatia.! position of the

tranlJmitter and receiver and their surroundings (buildings, bridges, etc.). It is easily

determined that a one foot difference between two traversed paths results in al ns (10-9

seconds) time-delay between them.

In "narrowband" direct-sequence spread-spectrum and CDMA systems, it is possible

that a number of signals arriving having traversed different paths may have delays that

are within a chip interval. In this case, the receiver cannot resolve these multipath com

ponents, resulting in diffuse (Rayleigh) fading, perhaps with a small specular component.

On the other hand, in "wideband" (small chip duration) direct-sequence spread-spectrum

and "wideband" CDMA systems the various multipath components arrive with delays

greater than a chip interval, allowing the receiver to resolve them. This results in a

channel with .. strong Rician component and a small diffuse component. In this case, the

receiver designer has the option of building a simple corrda.tion receiver which is able

to capture the energy in a single (strong) component while rejecting other components

as interference, 0; to built a more complicated (but better performing) RAKE receiver

{41 which combine> the energies of a number of resolved components to make symbol

decisions.

In either case, it is clear that performance-wise, the system is better off operating in

wideband mode. Quantitative results that support the above arguments can be found

in [5]. These results also indicate that wideband systems are less suKeptible to Doppler

spread, and in the limit of large chip rates, the fading in the channel diminishes resulting
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in a performance approaching that in an additive Gaussian channel. Further results in

[5, 3] iudicate that at high chip rates good performance can be obtained with simple

correlation receivers, avoiding the need for the more complex RAKE receivers.

In recent work [6J on the same question of how bandwidth a.f£ects performance in

a multipath environment, an assumption of a tw~ray multipath channel is made, with

a delay tha.t varies between 5 and 7 Jl.S for urban environments. This model was used

to obtain simulation results for the proposed 15-95 CDMA cellular radio standard (with

interleaving, rate 1/2 convolutional coding, and a RAKE receiver, but apparently without

near·far eifects) at a. 1.25 MHz bandwidth and at an SNR of 10 dB. The obtained error

ratel> were around 10-2 • Based on these results, the authors conclude that relatively

"narrowband" AVM systems, i.e. 1.25 MHz, are fetuible in a multipath environment.

Although this conclusion may be valid based on the usumed model, there are a. number

of weaknesses in it: a) experimental results (see [2, 3]) do not support a two-ray model

as being realistic; b) the model assumes that each of the two paths is Rayleigh faded.

regardless of the bandwidth, which is not valid. It is known that as bandwidth increases,

the channel appear to behave more like a Gaussian channel [5]; c) the central assumption

of the model, that delay is in the range of ~7 P$, is overly simplistic (see [2, 3J and the

discussion above which indicate that a delay of the order of 100 ns is more realistic); d) an

error-rate of 10-2 may be acceptable for voice communication, but it is too large for data

communication (such as in AVM systems). To achieve the sma.ller error-ra~ required by

AVM systems, one must either increase the signaling bandwidth, or suffer a reduction in

data-rate. Recent work in [71 which compared the capacity efficiency of narrowband (1.25

MHz) and wideband (10 MHz) CDMA systems in the presence of multipa.th, the authors

conclude that "... Widr:band S!lstems (10 MHz bandwidth) achie'O#t greater efficiencies in

terms of capacity per MHz. 71

The central question is not whether AVM systems C4n be built at smaller bandwidths.

Rather, in the ~ere multipath environments in which AVM systems will operate. can

systems capable of providing sufficiently accurate location and adequate capacity for in

telligent vehicle highway systems (IVHS) be built if bandwidth is not increased (which

was not really addressed in [6)). AVM systems a.re expected to greatly facilitate imple

ment.ation of IYHS by providing both messaging and location monitoring e&pabilities to

la.rge numbers of vehicles at a time. To do so, they require la.rge bandwidths.
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Ill. THE EFFECT OF BANDWIDTH IN ESTIMATING LoCATION

In hyperbolic multilateration AVM systems, vehicle location is obtained by measuring

the arrival time of a signal transmitted by the mobile at a. number of spatially distributed

base stations, followed by triangulation. The ultimate measure of performance for the

system is in terms of the enor in locating a. vehicle in three-dimensional space. However,

as the estimation of actual vehicle location (through triangulation) involves nonlinear

processing of a number of delay estimates, it is analytically intractable to a.naJyze its

performance directly. In most cases, thus, one resorts to studying the performance of the

delay estimator, with the intuitive expectation that the better the dela.y estimates are,

the better the final vehicle location estimate will be after triangulation. This, in fact is

the case, as indicated by simulation results (see for example [8. 9]). A measure of the

quality of the delay estima.te is easily obtained in terms of the Cramer-Rao bound (see

for example Van Trees [10] for a general exposition).

A delay estimate can be obta.ined by transmitting an appropriate sequence (i.e. one

with good a.utocorrela.tion properties, such as an Tn-sequence or a Gold sequence). At the

receiver, a maximum-likelihood (ML) estimator correlates a replica. of the transmitted

sequence with the received data and detects the time when the correlation peaks (or) in

practice, when it exceeds some threshold). It declares tha.t the sequence was detected at

the time when the correlation is largest. IT we let cr~ be the variance of the estimation

error, the Cramer-Rao bound yields (see for example [11, 12])

17: ~ 4r2W,N IP (1)

where

and

• N is the number of symbols (pulses) in the transmitted sequence

• E is the energy in one of the transmitted symbols

• No/2 is the two-sided spectral density of the (assumed) additive Gaussian noise

• and P(f) is the Fourier transform of the transmitted unit-energy pulse p(t):

L:p2(t)dt =L: IP(f)f'dj ;: 1.
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B is the root-me&D~5quare(rms) signal bandwidth, also known as the Gabor bandwidth,

and 2E/No is the signal-to-noise ratio (SNR). Let us specialize (1) to the case of the

popular and often practica.lly used class of ba.ndlimited raised-cosine pulses. If the chip

rate is liTe, then

o~ IfI :5 (l - {3) /2Te

(1 - fJ)/2Tc < IfI $ (1 + {J)/2Tc,

where 0 :5 IJ < 1 is the roloff·faclDr which determines the excess bandwidth (IJ ;;; 0.25 is

a practical value often used). The bandwidth, W, of raised-cosine pulses relates to the

chip ra.te in accordance with

W 3 (1 + ,8)
2Tc; •

For this class of pulses, (1) becomes

2 > 1
(7.,. - AJ!NW2

where A is some constant determined by the roloff-factor and given by

(2)

The hound in (2) is valid for all parameter values, and is known to be tight for even small

SNR's (more than about 3 dB !13]), which a.re significantly smaller than those expected

to be pre5ellt in practical systems. Equation (2) shows clearly the quadratic improvement

in location accuracy as the signal bandwidth is increased, for a. fixed SNR.

Although the a.bove conclusions about the desirability of wider bandwidths were based

on a white Gaussian noise channel, we exp«:t that they will be strengthened for the mobile

multipath channeL In this case, location accuracy will depend not only on improved

timing performance, but even more so on the ability to resolve multipath components.

Wideband AVM systems that can effectively resolve multipath can essentially remove its

effects and thus provide significantly improved location a.ecura.ey.

Let us now study the effects of bandwidth on the number of location fixes per second.

For this comparison, let us fix the signal power, P, which relates to the energy E according

to

E - PT. _ (1 + .8) p
- c- 2W .
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SublJtituting in (2), we obtain

2 > 1
'7.,.- ~'lPNW.

1 NO
The number of location fixes per second, r, is given by

1 2W
r:: NTc = (1 + P)N'

which when substituted in (3) gives

(3)

(4)

C=A~W2·

Equation (4) shows that for a fixed mean-square error performance and & fixed power,

there is a trade-of between ba.ndwidth and the location rate. Thus, if C is the desired

mea:a-squared error, we have (using the bound as an estimate of performance)

r

Solving for r, we obtain

r-A
2P

CW3
- No '

which indicates a quadratic increase in the location rate with bandwidth, for the same

power tsnd mun-8quare f!rror performance. It can be easily verified that if the energy E

is fixed instead of power, the location ca.pacity increases as the third power of bandwidth.

Clearly, higher bandwidth could be used to improve not only mean-square error per

fonna.nce, but a.1Io to quadratically increase the rate at which position estimates can be

obtained for the same power.

There is also an indirect wa.y in which a wider bandwidth can improve location capac

ity. As discussed in Section II, the bit-error-rate performance of AVM systems improves

with increased bandwidth by better overcoming multipath. This improved performance

can result in an il:lcreased location capacity since it will reduce the number of times base

station polling transmissions must be made when errors occur, so that mobiles do not

respond to the poll.

IV. CONCLUSION

We ha.ve looked a.t the efi'ect of bandwidth on the performance of systems operating in

the 902-928 MHz band in the presence of multipath. It appears that a larger bandwidth,

in the range of 8 to 10 MHz, will:
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• allow AVM system designers to design systems that substantially better and at &

smaller complexity combat the effects of multipath

• significantly improve the location accuracy and the ra.te of location fixes for AVM

systems.
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